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For the ﬁrst time quantitative data on the abundance of Bacteria, Archaea, and Eukarya
in deep terrestrial sediments are provided using multiple methods (total cell counting,
quantitative real-time PCR, Q-PCR and catalyzed reporter deposition–ﬂuorescence in situ
hybridization, CARD–FISH). The oligotrophic (organic carbon content of ∼0.2%) deep ter-
restrial sediments in the Chesapeake Bay area at Eyreville, Virginia, USA, were drilled and
sampled up to a depth of 140m in 2006. The possibility of contamination during drilling
was checked using ﬂuorescent microspheres. Total cell counts decreased from 109 to
106 cells/g dry weight within the uppermost 20m, and did not further decrease with depth
below.Within the top 7m, a signiﬁcant proportion of the total cell counts could be detected
with CARD–FISH.The CARD–FISH numbers for Bacteria were about an order of magnitude
higher than those for Archaea. The dominance of Bacteria over Archaea was conﬁrmed by
Q-PCR. The down core quantitative distribution of prokaryotic and eukaryotic small sub-
unit ribosomal RNA genes as well as functional genes involved in different biogeochemical
processeswas revealed byQ-PCR for the uppermost 10mand for 80–140mdepth.Eukarya
and the Fe(III)- and Mn(IV)-reducing bacterial group Geobacteriaceae were almost exclu-
sively found in the uppermost meter (arable soil), where reactive iron was detected in
higher amounts. The bacterial candidate division JS-1 and the classes Anaerolineae and
Caldilineae of the phylum Chloroﬂexi, highly abundant in marine sediments, were found
up to the maximum sampling depth in high copy numbers at this terrestrial site as well.
A similar high abundance of the functional gene cbbL encoding for the large subunit of
RubisCO suggests that autotrophic microorganisms could be relevant in addition to het-
erotrophs. The functional gene aprA of sulfate reducing bacteria was found within distinct
layers up to ca. 100m depth in low copy numbers.The gene mcrA of methanogens was not
detectable. Cloning and sequencing data of 16S rRNA genes revealed sequences of typi-
cal soil Bacteria. The closest relatives of the archaeal sequences were Archaea recovered
from terrestrial and marine environments. Phylogenetic analysis of the Crenarchaeota and
Euryarchaeota revealed new members of the uncultured South African Gold Mine Group,
Deep Sea Hydrothermal Vent Euryarchaeotal Group 6, and Miscellaneous Crenarcheotic
Group clusters.
Keywords: CARD–FISH, Chesapeake Bay,Crenarchaeota, deep biosphere, Euryarchaeota, real-time PCR, sediments,
subsurface
INTRODUCTION
The Earth’s deep biosphere includes a variety of subsurface habi-
tats, such as mines and deep aquifer systems in the continental
realm, and sediments and igneous rock in the marine realm. It
has been estimated that nearly half of total biomass on Earth
resides in the deep biosphere (Whitman et al., 1998). However,
the existing data used to generate this global census are highly
skewed and in reality reﬂect habitat accessibility. Deeply buried
marine sediments are among the best studied deep biosphere
habitats. They are populated by a huge number of prokaryotes
mainly belonging to uncultivated phylogenetic lineages (Parkes
et al., 2000; Teske, 2006; Biddle et al., 2008; Fry et al., 2008; Teske
and Sørensen, 2008). The abundance of particular phylogenetic
and physiological prokaryotic groups, i.e., Archaea and Bacteria,
methanogens or sulfate reducers, in deeply buried marine sed-
iments has been quantiﬁed based on 16S rRNA and functional
gene analysis by quantitative, real-time PCR (Q-PCR), FISH, and
catalyzed reporter deposition–ﬂuorescence in situ hybridization
(CARD–FISH; Schippers et al., 2005; Biddle et al., 2006; Inagaki
et al., 2006; Schippers and Neretin, 2006; Engelen et al., 2008;
Nunoura et al., 2009; Webster et al., 2009).
The terrestrial deep subsurface biosphere has been studied so
far only by total cell counting, cultivation techniques as well as by
molecular 16S rRNA gene diversity analyses. The hard rock ter-
restrial deep biosphere in, e.g., granite, basalt, or metabasalt has
beenmainly explored by groundwater analyses rather than by deep
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rock drilling (Pedersen, 1993, 1997; Stevens and McKinley, 1995;
Fredrickson et al., 1997; Chapelle et al., 2002; Moser et al., 2003;
Lin et al., 2006; Hallbeck and Pedersen, 2008; Sahl et al., 2008;
Borgonie et al., 2011; Itävaara et al., 2011).
Deep subsurface terrestrial sediments deﬁned as deeper than
30–35m (Balkwill et al., 1989) have just begun to be studied
by molecular techniques. Cell numbers determined by total cell
counting or cultivation indicate that a correlation of cell numbers
with depth as described for marine sediments (Parkes et al., 1994,
2000) does not exist. Fry et al. (2009) did not ﬁnd a decrease in
cell numbers with depth in a terrestrial drill core of 148m length
including an interbedded coal deposit in New Zealand. Hoos and
Schweisfurth (1982) also did not ﬁnd a decreasing number of
colony forming units (CFU) with depth after analyzing cultivable
aerobic and anaerobic bacteria up to a sediment depth of 90m in
Lower Saxony, Germany. The lack of decreasing cell numbers with
sediment depth is also supported by AODC and CFU numbers
in coastal plain and ﬂuvial sediment cores from South Carolina
(Savannah River Site) and Washington State (Hanford Site), USA,
sampled up to 265m depth (Balkwill et al., 1989; Sinclair and
Ghiorse, 1989; Fredrickson et al., 1991; Kieft et al., 1995) and Cre-
taceous sedimentary rock in New Mexico, USA at 190m depth
(Takai et al., 2003).
Analysis of the microbial diversity by 16S rRNA gene sequenc-
ing revealed the dominance of the following prokaryotic groups
in deep terrestrial sediments. Most abundant among the Bacteria
were Proteobacteria, Actinobacteria, Firmicutes, Chloroﬂexi, mem-
bers of the Geobacteraceae family, sulfate reducers, denitriﬁers,
fermenters, and acetogens. The most frequently occurringArchaea
were the Miscellaneous Crenarchaeotic Group, Methanosarcinales
and Methanobacteriales (Boivin-Jahns et al., 1996; Chandler et al.,
1997; Detmers et al., 2001, 2004; Takai et al., 2003; Inagaki et al.,
2005; Kovacik et al., 2006; Brown and Balkwill, 2009; Fry et al.,
2009).
Organic carbon seems to be most important for the long
term survival of microorganisms in the terrestrial deep biosphere
because a correlation was found between total organic carbon
(TOC) and direct counts, basal respiration as well as aerobic
glucose mineralization (e.g., Kieft et al., 1995).
The aim of this study was a comprehensive microbial com-
munity analysis of deep terrestrial sediments in order to provide
missing quantitative data on the abundance of prokaryotes in the
terrestrial deep biosphere. As terrestrial study site, deep sediments
up to a depth of 140m in the Chesapeake Bay area at Eyreville,Vir-
ginia, USA, were chosen. Total cells stained with SYBR Green were
counted with three different methods and the microbial diversity
was explored by 16S rRNA gene cloning and sequencing. In addi-
tion, Q-PCR and CARD–FISH were applied for the ﬁrst time to
study the deep biosphere in terrestrial sediments.With these quan-
titative methods, 16S rRNA and functional genes of phylogenetic
and physiological prokaryotic groups relevant in deeply buried
marine sediments were analyzed.
MATERIALS AND METHODS
SITE AND SEDIMENT DESCRIPTION
The Chesapeake Bay impact structure (CBIS), Virginia, USA,
was formed during the late Eocene meteoric impact approxi-
mately 35.5 million years (Ma) ago. It has been explored by
an international team of scientists in a project of the Interna-
tional Continental Scientiﬁc Drilling Program (ICDP) and the
U.S. Geological Survey (USGS, Gohn et al., 2006, 2008, 2009). A
cross-section ﬁgure showing main features of the CBIS and the
drill site location is shown elsewhere (Gohn et al., 2008). The
CBIS project acquired continuously cored sections from three
holes drilled to a composite depth of 1766m at a site within
the central zone of the structure at the Eyreville drill site near
Cape Charles, Virginia, USA. The drill bit penetrated a 1322-
m-thick section of impact-related rocks and sediments and an
overlying 444-m-thick section of post-impact sandy and clayish
sediments. The latter consist of upper Eocene to Pliocene (∼5.3
to∼1.8Ma) continental-shelf sediments and Pleistocene (∼1.8 to
∼0.01Ma) non-marine sediments. The upper 140m (Miocene to
Pleistocene) studied here were cored in Eyreville hole C during
April and May 2006. In this depth interval, the porosity is between
36 and 54%, and the pore water chemistry indicates freshwater
conditions, however the NaCl concentration is ∼0.2% at 100m
depth and increases to ∼1% at the bottom of the core (Gohn
et al., 2006, 2008, 2009). In this study only post-impact sedi-
ments up to 140m depth not inﬂuenced by the meteoric impact
were analyzed.
SEDIMENT SAMPLING
In this study, cores from Eyreville hole C were sampled for ter-
restrial microbial community analysis. Fifty sediment samples
were taken from the surface (arable soil) down to a depth of up
to 140m. To avoid contamination, samples for microbiological
analysis were only taken from the center of each sediment core
(63.5mm diameter) using sterilized cut 5mL syringes or steril-
ized spatulas. Depth intervals for sampling were selected based
on the quality of the cores with a higher depth resolution near
the surface and a lower one at greater depth. As a contamination
control, ﬂuorescent microspheres were applied during coring for
every second core and samples were taken from the periphery as
well as the center of the cores for microscopic inspection as pre-
viously described (Kallmeyer et al., 2006; Gohn et al., 2009). Four
samples could be identiﬁed as potentially contaminated and were
not further analyzed.
For CARD–FISH and counting total cells with ﬂuorescence
microscopy, sediment samples were ﬁxed in 4% formaldehyde–
PBS (phosphate buffered saline) as described by Llobet-Brossa
et al. (1998) and ﬁnally stored at −20˚C in PBS–ethanol (1:1). For
DNA based molecular as well as geochemical analysis, a parallel set
of samples was directly frozen at −20˚C. All samples were trans-
ported to BGR frozen with dry ice as air-freight, and afterward
stored at −20˚C until analysis.
GEOCHEMICAL ANALYSIS
The elemental composition of the solid material was determined
by XRF analysis (Philips PW 2400). TOC and the total amount of
carbon (TC) and sulfur (TS) were measured with the instrument
LECO CS 200 (LECO Corporation). TC and TS were measured
after acid removal of carbonates. Reactive iron was extracted
with buffered citrate–dithionite as described by Canﬁeld (1989),
and measured by ICP-OES (Jobin Yvon Emission 166 Ultrace
HR 1000).
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TOTAL CELL COUNTS AND CARD–FISH
Total cell numberswere determined in formaldehyde ﬁxed samples
by stainingwith SYBRGreen II following three different protocols.
Cells were counted in the sediment matrix as described by Wein-
bauer et al. (1998) and were detached from sediment particles
before counting as described by Kallmeyer et al. (2008) and Lunau
et al. (2005). The latter protocol was modiﬁed by replacing the
ultrasonic bath with an ultrasonic probe. CARD–FISH was car-
ried out as described (Pernthaler et al., 2002; Schippers et al., 2005)
and ﬁlters were hybridized for Archaea and Bacteria using probes
ARCH915 or EUB338 I-III as a mixture. As a negative hybridiza-
tion control the probe NON-338 was applied. For contamination
control ﬂuorescent beads of bacterial size were used and counted.
QUANTITATIVE REAL-TIME PCR ANALYSIS
The quantitative composition of the microbial community was
analyzed by Q-PCR after DNA extraction. High-molecular-weight
DNA was extracted from 0.5 g of a frozen sediment sample fol-
lowing a modiﬁed FastDNA Spin Kit for Soil (Bio101) protocol
(Webster et al., 2003). Sterilized quartz sand treated in a mufﬂe
furnace for organic carbon removal was used as negative control
in the extraction procedure. Extracted DNA was ampliﬁed by Q-
PCR using the device ABI Prism 7000 (Applied Biosystems) and
master mixes from the companies Applied Biosystems, Eurogen-
tec, or Invitrogen. Each DNA extract was measured in triplicate.
After each Q-PCR, melting curves were measured for SYBR Green
I assays. The copy numbers of the 16S rRNA gene were quanti-
ﬁed for Archaea (Takai and Horikoshi, 2000), Bacteria (Nadkarni
et al., 2002), the JS-1- and Chloroﬂexi-related bacteria (Blazejak
and Schippers, 2010), and the Fe(III)- and Mn(IV)-reducing fam-
ily Geobacteraceae (Holmes et al., 2002). The 18S rRNA gene of
Eukarya was determined as previously described (Schippers and
Neretin, 2006). Functional genes were quantiﬁed as described:
mcrA for methyl coenzyme M reductase subunit A (Wilms et al.,
2007), aprA for adenosine 5′-phosphosulfate reductase subunit A
(Blazejak and Schippers, submitted), and cbbL for the large subunit
of the enzyme ribulose-1.5-bisphosphate carboxylase/oxygenase
(RubisCO, form I “red-like”; Selesi et al., 2007).
CLONING AND SEQUENCING
High-molecular-weight DNA was extracted from 0.5 g of a frozen
sediment sample as described above. Four depths (75–108m)were
analyzed for bacterial 16S rRNA gene sequences and two depths
(108–125m)were analyzed for archaeal 16S rRNA gene sequences.
PCR reactions were carried out with the 1.1 or 2 Master Mix
®
(Thermo Scientiﬁc). PCR for Bacteria was carried out with the
universal primersGM3f (AGAGTTTGATCMTGGC) andGM4r
(TAC CTT GTT ACG ACT T; Muyzer et al., 1995). The follow-
ing thermocycling conditions were used: one cycle at 95 or 96˚C
for 5min; 26–30 cycles at 95 or 96˚C for 1min, 42˚C for 1min,
and 72˚C for 3min; and one cycle at 72˚C for 7min. PCR for
Archaea was carried out with the primers 109f (ACK GCT CAG
TAA CAC GT; Grosskopf et al., 1998) and 912r (CTC CCC CGC
CAA TTC CTT TA; Lueders and Friedrich, 2000). These thermo-
cycling conditions were used: one cycle at 95˚C for 5min; 26–30
cycles at 95˚C for 1min, 52˚C for 1min, and 72˚C for 3min; and
one cycle at 72˚C for 6min. Cloning in Escherichia coli was carried
out with the pGEM-t-Easy Vector Systems (Promega
®
) Kit fol-
lowing the instruction manual. For screening of 16S rRNA genes,
96 clones per sample were randomly picked. For template DNA,
a small amount of cells from each clone colony was picked with
a sterile toothpick and suspended in 20μL of sterile water. One
or two microliter of this template DNA, after preheating to 95˚C
for 2min, were ampliﬁed by PCR as described above by using a
25- to 50-μL (total volume) mixture. PCR products of the cor-
rect size (∼1500 bp resp. 850 bp) were puriﬁed with the QIAquick
PCR Puriﬁcation Kit (Quiagen
®
) or directly send for sequenc-
ing. Sequencing reactions were carried out by Seqlab Laboratories,
Göttingen, Germany. Sequences were edited with BioEdit1. A neg-
ative DNA extraction control without sediment was treated in
parallel. For Bacteria, PCR products were also obtained for this
negative control (presumably contaminants). The negative control
of the PCR reaction itself was negative. In conclusion presumably
contamination happened during the DNA extraction procedure.
Fifty clones resulting fromthenegative controlwere analyzedusing
BLAST. Partial sequences from sediment samples which exhibited
more than 98% similarity to the assumed contaminants were not
included in the analysis of bacterial 16S rRNA gene sequences. For
Archaea, the negative DNA extraction control did not result in a
PCR product. All archaeal sequences were aligned by using the
SINA Webaligner2 or the integrated Aligner of the ARB software3
(Ludwig et al., 2004) and were manually adjusted. Closest rela-
tives of all bacterial and archaeal 16S rDNA sequences found with
BLAST4 were also included in the phylogenetic analysis. For tree
construction, sequences were grouped together in a clone family
if they exhibited 99% sequence identity using similarity matrix in
the ARB software.
Rarefaction curves were calculated with the mothur software5
(Schloss et al., 2009).
PHYLOGENETIC ANALYSIS
Chimera check was done with the Greengenes Bellerophon pro-
gram6. The closest sequence relatives of the 16S rRNA gene
sequences based on BLAST searches were imported into ARB
and aligned using the integrated aligner and manually adjusted.
The 16S rRNA gene sequence data were analyzed with the ARB
software package (see text footnote 3). Phylogenetic trees were
calculated by performing distance matrix methods (Neighbor
Joining with 1000 bootstrap values, both with the Jukes–Cantor
correction, Jukes andCantor, 1969),maximumparsimony analysis
and Maximum-Likelihood analysis. For tree reconstruction only
sequences with more than 800 bp were used. Phylogenetic trees
were calculated via ARB using the Maximum-Likelihood method.
The closest sequence relatives and representatives of the major
taxonomic groups were included (Baker et al., 2003). Similarity
analysis and clone grouping was done with the ARB similarity
matrix with Jukes–Cantor correction (Jukes and Cantor, 1969).
1www.mbio.ncsu.edu/BioEdit/bioedit.html
2www.arb-silva.de/aligner
3www.arb-home.de
4www.ncbi.nlm.nih.gov
5www.mothur.org
6greengenes.lbl.gov/cgi-bin/nph-index.cgi
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The phylogenetic groups were arranged according to Teske and
Sørensen (2008) and Spang et al. (2010).
RESULTS
In this study, we analyzed the microbial ecology and bulk geo-
chemistry of 50 samples from the post-impact CBIS terrestrial
sediment from land surface (arable soil) up to a depth of 140m.
GEOCHEMICAL RESULTS
Data for the geochemical solid phase analysis of 48 sediment sam-
ples are summarized inTable 1. TOCas substrate for heterotrophic
microorganisms remained low in the complete sediment depth
range with a mean value of ∼0.2% and a maximum value of
0.9% (w/w) characterizing the sediments as oligotrophic. Reac-
tive iron, relevant for Fe(III)-reducing microorganisms, was more
than twice as high in the uppermost meter than the mean for the
total 140m (data not shown).
MICROBIOLOGICAL RESULTS
TOTAL CELL COUNTS AND CARD–FISH
Total cells stained with SYBR Green were counted following three
different protocols. Depth proﬁles of total cell counts are shown
in Figure 1. For all three protocols, the maximal cell counts
were detected near the surface. The total cell counts indicate
a logarithmic decline with depth within the upper 20m, and
show no signiﬁcant depth correlation between 20 and 140m.
The method comparison shows that the highest cell counts for
all depths were obtained with the protocol without detaching
cells from sediment particles after Weinbauer et al. (1998). Maxi-
mum cell counts of more than 109 cells/g at the surface declined
to about 106 cells/g at 20m depth. Below 20m, counts were
highly variable and not correlated with depth. In comparison, the
overall counts obtained with protocols in which the cells were
detached from sediment particles before counting gave about
half an order of magnitude (Kallmeyer et al., 2008) and about
one order of magnitude (Lunau et al., 2005, modiﬁed) lower cell
counts.
A comparison of the highest total cell counts after Weinbauer
et al. (1998) with numbers of living Bacteria and Archaea obtained
by CARD–FISH is given in Figure 2 for the top 7m sediment
depth. A signiﬁcant proportion of the total cell counts could be
detected with CARD–FISH. Interestingly, the CARD–FISH num-
bers for Bacteria were about an order of magnitude higher than
those for the Archaea. At some depth Archaea were not detectable
at all. Below 7m sediment depth the CARD–FISH cell signals were
below the detection limit of 105 cells/g.
Table 1 | Geochemical solid phase analysis of 48 sediment samples.
Total
organic C
Total C Total P Total S Total Fe Reactive
Fe
0.18 (0.2) 0.61 (0.62) 0.03 (0.02) 0.65 (0.77) 2.02 (1.6) 0.32 (0.4)
Mean and (SD) are given in % (w/w).
QUANTITATIVE MICROBIAL COMMUNITY ANALYSIS BY Q-PCR
Results of Q-PCR analysis for the uppermost 10m depth and for
80–140m depth are shown in Figure 3. The Q-PCR data on bacte-
rial 16S rRNA gene copy numbers matched well with the total cell
counts after Weinbauer et al. (1998). Archaea were found in lower
copy numbers than the Bacteria in the top 10m. At 80–140m
depth, Archaea were detected only at a few depths, and always in
lower copy numbers using Q-PCR. Thus, the dominance of Bacte-
ria over Archaea in the CBIS post-impact sediment was conﬁrmed
by Q-PCR and CARD–FISH.
In addition to the prokaryotic domains Bacteria and Archaea,
Eukarya and speciﬁc prokaryotic groups were quantiﬁed via Q-
PCR by 16S rRNA or functional gene quantiﬁcation. Eukarya and
the Fe(III)- and Mn(IV)-reducing bacterial group Geobacteraceae
were found in the uppermost meter (arable soil) only (besides at
4m). In the uppermost meter, reactive iron was detected in higher
amounts as a potential electron acceptor for the Geobacteraceae.
The bacterial candidate division JS-1 and the classes Anaerolin-
eae and Caldilineae of the phylum Chloroﬂexi, highly abundant in
marine sediments (Blazejak and Schippers, 2010), were found in
high copy numbers up to the maximum sampling depth of 140m.
A similar high abundance was found for the functional gene cbbL
coding for the large subunit of the form I “red-like” ribulose-
1.5-bisphosphate carboxylase/oxygenase (RubisCO) occurring in
autotrophic Proteobacteria that ﬁx CO2 via the Calvin–Benson–
Bassham (CBB) cycle (Selesi et al., 2007; Badger and Bek, 2008).
The functional gene aprA coding for adenosine 5′-phosphosulfate
reductase occurring in sulfate reducing bacteria was found within
distinct layers up to ca. 100m depth. The gene mcrA for methyl
coenzyme M reductase of methanogenic Archaea could not be
detected.
MICROBIAL DIVERSITY
In order to reveal the prokaryotic diversity in the CBIS sediment,
a phylogenetic analysis of 16S rRNA gene sequences from four
depths for Bacteria and two depths for Archaea was performed.
The results for the Bacteria are shown in Table 2, those for the
Archaea in Figures 4–7. Overall, the bacterial diversity seems to
be very low. This ﬁnding may partly be a result of the limited
number of reported bacterial clone data. Many bacterial clones
had to be excluded since their 16S RNA gene sequences exhib-
ited more than 98% similarity (checked with BLAST) to the 16S
rRNA gene sequences obtained from the negative DNA extrac-
tion control with no sediment (contaminants). Sequences of the
remaining bacterial 16S rRNA genes revealed typical soil bacteria
(Table 2).
The analysis of 16S rRNA gene sequences of Archaea from two
depths, 109 and 125m, resulted in 13 and 103 clones which could
be allocated to the phyla Euryarchaeota or Crenarchaeota, respec-
tively. The rarefaction curves of the 16S rRNA gene sequences
indicate a good coverage of the archaeal diversity as can be seen
in the ﬂattening of the two curves (Figure 4). The composition of
the archaeal community shows a similar ratio of euryarcheotic and
crenarcheotic contingents (109m: 5 euryarchaeotal sequences, 58
crenarchaeotal sequences, 125m: 8 euryarchaeotal sequences, 57
crenarchaeotal sequences) for the two analyzed sediment depths
(Figure 5).
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FIGURE 1 |Total cell counts for the terrestrial CBIS post-impact
sediment obtained with three different methods (black: method
Weinbauer et al., 1998; red: method Kallmeyer et al., 2008; blue:
method Lunau et al., 2005).
The phylogenetic analysis with different methods (ARB neigh-
bor joining with 1000 bootstraps, maximum parsimony method,
data not shown) gave similar results as the maximum-likelihood
analysis. Phylogenetic trees for the two archaeal phyla, Eur-
yarchaeota and Crenarchaeota, are shown in Figures 6 and 7.
Two euryarcheotic clone groups, E1 and E2, could be allocated
to the South African Gold Mine Group (SAGMEG). Group E1
clustered together with a clone received from deeply buried sed-
iments of the Peru margin (AB177011). Group E2 represents
a novel phylogenetic subgroup of archaeal sequences with less
than 98% similarity to its closest sequence, AY093454. A third
clone group, E3 could be allocated to the Deep Sea Hydrother-
mal Vent Euryarchaeotal Group 6 (DHVE6). The 16S rRNA
gene sequence similarity to its closest sequence EU750878 is less
than 89%. Both SAGMEG and DHVE6 contain 16S rRNA gene
sequences of terrestrial as well as of marine origin (Teske and
Sørensen, 2008). The three clone groups could be allocated to
the two different depths. Group E1 includes only sequences from
109m depth while group E2 and E3 include only sequences from
125m depth.
All 16S rRNA gene sequences from the phylum Crenar-
chaeota belong to theMiscellaneousCrenarcheoticGroup (MCG).
Sequences received could be grouped into eight different clone
FIGURE 2 | Catalyzed reporter deposition–fluorescence in situ
hybridization numbers for Bacteria (blue) andArchaea (red) displayed
with total cell counts (black:Weinbauer et al., 1998) for the uppermost
8m of the terrestrial CBIS post-impact sediment.
groups. Five groups (C1, C2, C3, C6, C7) represent new phyloge-
netic clusters with less than 99% similarity to their closest related
sequences in GenBank. Some clone groups were found in one
sample only (e.g., C7, 109m; C4, 125m), while others occurred
in both samples. Interestingly, the clone groups C3a (125m) and
C3b (109m) are related to each other and belong together to a new
cluster, but the similarity between C3a and C3b is 96.7% and thus
below the species level.
DISCUSSION
ABUNDANCE OF TOTAL AND LIVING CELLS
The microbial community in terrestrial sediments up to a depth
of 140m in the Chesapeake Bay area, Virginia, USA, was thor-
oughly analyzed by SYBR Green total cell counting, Q-PCR, and
CARD–FISH, and 16S rRNA gene cloning. The organic carbon
content is low (mean ∼0.2%) in these oligotrophic deep terres-
trial sediments, thus little substrate is available for sustaining a
thriving heterotrophic microbial community. Nevertheless total
cell counts after Weinbauer et al. (1998) and Q-PCR data exhib-
ited an average of about 106 cells/g between 20 and 140m depth
without a decrease with depth. In comparison, the overall counts
obtained with protocols that detached cells from sediment parti-
cles before counting resulted in one (Lunau et al., 2005) to half
(Kallmeyer et al., 2008) an order of magnitude lower cell counts.
This difference between the protocols can be explained by a loss of
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FIGURE 3 | Real-time PCR (Q-PCR) data for the terrestrial CBIS
post-impact sediment in the uppermost 10m depth (A,B),
and in 80–140m depth (C,D). Different phylogenetic groups, blue:
Bacteria, red: Archaea, green: Eukarya, brown: Geobacteriaceae,
black: JS-1-Chloroﬂexi (A,C); functional genes, red: aprA, blue: cbbL
(B,D).
cells during the detachment procedure and/or counting of unspe-
ciﬁc signals without detaching cells from sediment particles. A
comparison of the total cell counts with the 16S rRNA gene copy
numbers of Bacteria obtained by Q-PCR gives the best match with
the highest cell counts (Weinbauer et al., 1998). Thus, cell loss dur-
ing the cell detachment procedures seemed to be more relevant
than an overestimation by counting unspeciﬁc signals. Although
the detachment protocols likely result in an underestimate of total
cell numbers, the protocols are suitable for sediments in which
the numbers of microorganisms are below 105 cells/mL sediment
(D’Hondt et al., 2009; Schippers et al., 2010).
The CARD–FISH bacterial cell numbers reﬂecting living cells
were lower than the total cell numbers (Weinbauer et al., 1998)
which may indicate a minor proportion of living cells or over-
looked CARD–FISH cells due to insufﬁcient cell staining. More
evidence for living cells was provided by cultivation experiments
(unpublished). In these experiments, fresh samples from various
depths were incubated for several months. A strong CO2 release
Frontiers in Microbiology | Extreme Microbiology July 2011 | Volume 2 | Article 156 | 6
Breuker et al. Deep biosphere in terrestrial sediments
Table 2 | Summary of the phylogenetic analysis of bacterial 16S rRNA genes in terrestrial CBIS post-impact sediment.
Clone group Number of clones Depth (m) Class Next cultivated neighbour Similarity (%)
Bact 1 21 101, 109, 125 Gammaproteobacteria Pseudomonas stutzeri, strain ATCC 17588, AF094748 >98.8
Bact 2 2 101, 109 Gammaproteobacteria Pseudomonas guineae, strain LMG 24016T, AM491810 >99
Bact 3 12 109, 125 Gammaproteobacteria Acinetobacter lwofﬁi, strain DSM 2403, X81665 >98.8
Bact 4 2 125 Alphaproteobacteria Mesorhizobium amorphae, strain ACCC19665, AF041442 >99
Bact 5 2 75, 101 Alphaproteobacteria Acidocella aluminiidurans, strain AL46, AB362219 >98.8
Bact 6 16 109 Actinobacteria Arthrobacter humicola, strain KV-653, AB279890 >99
FIGURE 4 | Rarefaction curves for the archaeal 16S rRNA gene
sequences from 109m depth (red) to 125m depth (blue). Outer and
inner lines: high and low conﬁdence interval (95%). OTU, operational
taxonomic unit; cut off of OTU’s=1%.
was observed in aerobic and in anaerobic cultures with or with-
out addition of Fe(III) as a terminal electron acceptor, indicating
microbial activity under these conditions. Assays with additional
sulfate and nitrate did not show evolution of CO2 (Michael Siegert
and Martin Krüger, personal communication).
In a previous study of the deeper sediments of the terrestrial
CBIS at the same drill site total cell counts were obtained after
staining with DAPI and exhibited signiﬁcantly higher numbers,
between 106 and 108 cells/g with high variation over the depth
interval 140–444mof the post-impactCBIS sediment (Gohn et al.,
2008). The total cell counts increased with depth below 140m of
the post-impact sediment. One explanation for this ﬁnding might
be the changing lithology connected to a dramatically changing
TOC content with depth. The post-impact CBIS sediments from
140 to 444m consist of a generally ﬁne-grained upper Eocene to
upper Miocene sediment with about a 10 times higher TOC con-
tent than the coarser grained upper Miocene to Pleistocene section
above 140m (Gohn et al., 2009). Most likely the higher TOC con-
tent at greater depth sustains signiﬁcantly more cells than in the
upper oligotrophic sediment. These data represent the ﬁrst obser-
vation of a signiﬁcant increase of cell counts with depth in deep
terrestrial sediment. The relevance for a lithological control on the
deep biosphere has been previously pointed out for deeply buried
marine sediments (Coolen et al., 2002; Inagaki et al., 2003; Parkes
et al., 2005). Below the post-impact CBIS terrestrial sediments in
the geologically different zones of sediment breccias, schist, peg-
matite, and granite (444–1766m depth) the total cell numbers
were considerably lower (104 and 106 cells/g or not detectable;
Gohn et al., 2008). The novel actinobacterium Tessaracoccus pro-
fundi was isolated and described from a depth of 940m (Finster
et al., 2009).
The average total cell numbers of about 106 cells/g between
20 and 140m depth found in this study are in the same order of
magnitude or somewhat higher than those found in other deep
terrestrial sediments in a similar depth range by total cell counting
or by cultivation (Hoos and Schweisfurth, 1982; Balkwill et al.,
1989; Fredrickson et al., 1991; Kieft et al., 1995; Takai et al., 2003;
Fry et al., 2009). These studies are in agreement with our study,
and did not ﬁnd a decrease in cell numbers with depth. This is in
contrast to marine sediments for which a correlation of cell num-
bers with depth was described (Parkes et al., 1994, 2000; Schippers
et al., 2005). The reason for the difference in cell numbers vs. depth
in marine and terrestrial sediments is unknown but has consid-
erable importance for the estimation of the global abundance of
prokaryotes on Earth (Whitman et al., 1998) as previously stated
(Fry et al., 2009).
ABUNDANCE OF BACTERIA VS. ARCHAEA
This study is the ﬁrst providing quantitative data on the abun-
dance of Bacteria and Archaea in deep terrestrial sediment. The
dominance of Bacteria over Archaea in the CBIS post-impact ter-
restrial sediment was conﬁrmed by Q-PCR and CARD–FISH. The
proportions of Bacteria and Archaea in marine sediments have
shown to be highly variable in different sediments and sediment
layers and conﬂicting results have been published for analyses of
nucleic-acids (Q-PCR and CARD–FISH) and intact polar lipids
(IPL) of cell membranes (Inagaki et al., 2003, 2006; Schippers
et al., 2005, 2010; Biddle et al., 2006; Schippers and Neretin, 2006;
Wilms et al., 2007; Engelen et al., 2008; Lipp et al., 2008; Nunoura
et al., 2009; Webster et al., 2009). Schouten et al. (2010) and Loge-
mann et al. (2011) reported about a fossilization of archaeal IPL
biomarkers in marine sediments indicating that IPL biomarkers
detect fossil signals rather than living Archaea, thus putting their
proposed dominance in the marine deep biosphere into question.
Another explanation for the conﬂicting results is given by mis-
matches of archaeal primers and probes with 16S rRNA gene
sequences of the dominant archaeal groups in marine sediments
and therefore a potential underestimation of archaeal cell num-
bers by nucleic-acid based methods (Teske and Sørensen, 2008). A
comparison of our archaeal Q-PCR results with our clone library
data for the samples at 109 and 125m revealed a discrepancy of the
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FIGURE 5 | Analysis of the composition of the archaeal community in the terrestrial CBIS post-impact sediment at 109 and 125m depth.
FIGURE 6 | Maximum-Likelihood phylogenetic tree of the Euryarcheota
showing clades found in terrestrial CBIS post-impact sediment.The tree
was rooted with Cenarchaeum symbiosum as a representative of the deeply
branched group “Thaumarcheota.” SAGMEG, South African Gold
Mine Group, DHVE6, Deep Sea Hydrothermal Vent Euryarchaeotal
Group 6.
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FIGURE 7 | Maximum-Likelihood phylogenetic tree of the Crenarcheota
showing clades found in terrestrial CBIS post-impact sediment.The tree
was rooted with Cenarchaeum symbiosum as a representative of the deeply
branched group “Thaumarcheota.” MCG, Miscellaneous Crenarcheotic Group.
two methods which used different primers and probes. While in
the clone library several different groups were found, Q-PCR did
not result in archaeal 16S rRNA gene ampliﬁcation. For Q-PCR,
we used the primers Arch349F and Arch806R, and the TaqMan
probe Arch516 (Takai and Horikoshi, 2000). According to Teske
and Sørensen (2008) the primer Arch349F has several mismatches
within the groups SAGMEG, DHVE6, and MCG. We checked the
primer Arch349F against our sequences and found more than
ﬁve mismatches with some sequences. Similarly, probe Arch516
and primer Arch806R matched only when at least three (probe
Arch516F) and two (primer Arch806R) mismatches were allowed.
This ﬁnding elucidates the necessity for the development of novel
archaeal Q-PCR assays.
ABUNDANCE OF SPECIFIC TAXA AND OF FUNCTIONAL GENES
The detection of the functional gene cbbL coding for the large
subunit of the form I “red-like” RubisCO in many samples in rel-
atively high copy numbers in our study indicates that autotrophic
Proteobacteria are relevant in the deep terrestrial sediments as well.
However, their abundance is at least an order of magnitude lower
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than the 16S rRNA gene copy number of the dominant Bacteria,
thus heterotrophic bacteria play the mayor role in the deep terres-
trial sediment despite the low content of organic carbon. However,
heterotrophswere also found in oligotrophic deeply buriedmarine
sediments (D’Hondt et al., 2004).
The bacterial candidate division JS-1 and the classes Anaerolin-
eae and Caldilineae of the phylum Chloroﬂexi comprised a higher
proportion of the Bacteria, but these speciﬁc groups with almost
no cultivated representatives are less abundant than in marine sed-
iments where almost identical 16S rRNA gene copy numbers for
the speciﬁc groups and the Bacteria were found (Webster et al.,
2004, 2011; Blazejak and Schippers, 2010).
Fe(III)-, Mn(IV)-, and sulfate-reducers, methanogens as well
as Eukarya quantiﬁed via general 18S rRNA genes (Eukarya), spe-
ciﬁc 16S rRNA genes (Geobacteraceae), or functional genes (aprA,
mcrA) play a minor or no role in the deep post-impact CBIS ter-
restrial sediment while these groups were regularly detected in
subsurface marine sediments (Schippers and Neretin, 2006;Wilms
et al., 2007; Engelen et al., 2008; Nunoura et al., 2009; Webster
et al., 2009; Schippers et al., 2010). Eukarya and Geobacteraceae
were found in the uppermost meter of the CBIS drill site where
reactive iron and presumably eukaryotic DNA from farming in
the arable soil is available. Deeper eukaryotic DNA was detected
in one sample only. Due to the low TOC and sulfate content of
the terrestrial sediment, sulfate reduction, and methanogenesis are
expected to be less relevant than in deeply buried marine conti-
nental margin sediments with a higher TOC content (D’Hondt
et al., 2004; Parkes et al., 2005; Schippers et al., 2005; Schippers
and Neretin, 2006; Teske, 2006). Both processes are also less rel-
evant in oligotrophic deeply buried marine sediments (D’Hondt
et al., 2004; Sørensen et al., 2004; Teske, 2006;Nunoura et al., 2009)
in agreement with our terrestrial study.
DIVERSITY OF BACTERIA AND ARCHAEA
The bacterial 16S rRNA gene sequences belong to three classes:
Alphaproteobacteria,Gammaproteobacteria, andActinobacteria.All
bacterial 16S rRNA gene sequences have more than 98.9% simi-
larity to sequences of cultivated heterotrophic bacteria. Almost all
of the identiﬁed bacteria were previously found in other deep
terrestrial sediments (Balkwill et al., 1989; Boivin-Jahns et al.,
1996).
The phylogenetic analysis of the Archaea identiﬁed eur-
yarcheotic as well as crenarcheotic 16S rRNA gene sequences
including novel phylogenetic clusters related to lineages that do
not yet contain cultivated representatives. The euryarcheotic clone
groups E1 and E2 belong to the SAGMEG. This group includes
16S rRNA gene sequences found in a South African gold mine and
sequences from the deep marine subsurface (Teske and Sørensen,
2008). Fry et al. (2009) also found euryarcheotic sequences
belonging to SAGMEG in deep terrestrial sediments including
an interbedded coal deposit. Sequences isolated from hot springs
(Greece) or dolomite aquifers (South Africa) also belong to the
SAGMEG (Figure 6). In conclusion this group seems not to be
restricted to the deep subsurface biosphere, and occurs in marine
and terrestrial environments. Similarly, theDHVE6 towhich clone
group E3 belongs includes terrestrial and marine sequences. The
DHVE6 group deﬁned by Takai and Horikoshi (1999) includes
sequences from deep sea hydrothermal vents in the Eastern Paciﬁc
Ocean. Successively, sequences from different habitats could be
afﬁliated to this group; examples are from a hydrothermal ﬁeld at
13˚N, 141˚W in the South Paciﬁc Rise (Nercessian et al., 2003) and
from ODP Site 1231 at the Peru Basin (Sørensen et al., 2004). The
closest relative to the group E3 is a sequence from a highly strati-
ﬁed meromictic lake on Ellesmere Island that is characterized by a
high salinity in deeper layers (Poliot et al., 2009). Further related
16S rRNA sequences derive from habitats with high salinity: from
a hypersaline microbial mat at Guerrero Negro, Mexico (Robert-
son et al., 2009) and from a commercial gas–water-producing well
water in Japan which contains ancient seawater at depths of 347–
1132m(Mochimaru et al., 2007). In conclusion the novel groupE3
seems to be related to clones that derive from environments with
higher salinity (Figure 6). The DHVE6 group is afﬁliated with
reduced (metal-) sulﬁdes at vent structures (Takai and Horikoshi,
1999), reduced iron and manganese species (Sørensen et al., 2004),
hydrogen sulﬁde (Robertson et al., 2009), and/or high salinity
(Poliot et al., 2009; Robertson et al., 2009).
All crenarcheotic clones found in this study belong to theMCG.
This group contains a huge number of diverse phylogenetic lin-
eages fromdifferent, partially extreme habitats from terrestrial and
marine origin (Teske and Sørensen, 2008). We identiﬁed clone
groups which have closely related sequences from other environ-
ments (C5, C8, Figure 7), and also several novel groups with a
relatively high distance to the closest related sequences (C1, C2).
As summarized by Teske and Sørensen (2008), the MCG appears
to be heterotrophic, which corroborates our Q-PCR data on the
dominance of heterotrophic prokaryotes (see above), despite the
low TOC content (in particular 0.24% for 109m and 0.28% for
125m depth).
CONCLUSION
For the ﬁrst time quantitative data on the abundance of Bacteria,
Archaea, and Eukarya in deep terrestrial sediments are provided
using multiple methods (total cell counting, CARD–FISH, and
Q-PCR). This was done together with the description of the bac-
terial and archaeal lineages and the quantiﬁcation of speciﬁc taxa
and of functional genes. The presence of a signiﬁcant fraction of
rRNA containing, viable bacterial and archaeal cells as revealed
by CARD–FISH despite low levels of organic carbon is a relevant
ﬁnding in this study. The dominance of Bacteria over Archaea
resulted from CARD–FISH and Q-PCR data. Other major ﬁnd-
ings are the discovery of new sequence clusters within previously
described cren- and euryarchaeotal lineages and the presence of
high copy numbers of cbbL encoding for the large subunit of the
form I “red-like” RubisCO suggesting that autotrophic Proteobac-
teria could be relevant in addition to heterotrophs in the terrestrial
deep subsurface.
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